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Abstract
A common premise in modern forest management is that land management should 
operate over large enough spatial and temporal scales that common natural disturbances 
are present and implicitly considered. Less emphasis has been focused on managing 
humid tropical forest ecosystems with the periodic ecological processes that occur 
between disturbances. The central premise of this paper is that timing management 
activities to periodic ecological processes that occur between disturbances is an 
additional prerequisite for the effective management of humid tropical forests. Ecological 
rhythms are defined here as biological or biogeochemical processes that have definable 
periodicities and include phenological, circadian, biogeochemical, and behavioral 
processes. The paper documents the use of ecological rhythms in the management of 
endangered species and water resources in the Caribbean National Forest of Northeastern 
Puerto Rico. While this type of dynamic management has proven benefits, managers and 
regulatory agencies have been hesitant to utilize complex, ecologically based dynamic 
management schedules because they can be difficult to monitor and regulate. Fortunately, 
recent technological advantages greatly increase the ability to conduct complex real-time, 
spatially explicit management. Identifying important ecological rhythms and developing 
administrative structures that can integrate them into management will be a major 
challenge in both tropical and temperate environments in the coming decades. 
1. Introduction
A common premise in modern forest management is that land use management should 
operate over large enough spatial and temporal scales that common natural disturbance 
patterns are present and implicitly considered in management plans (Kaufmann et al., 
1994). The recent fires in Amazonia and Borneo, and the devastating flooding in 
Venezuela and Honduras are clear examples of the costs of not recognizing the 
importance of natural disturbances and their synergistic interactions with anthropogenic 
activities. While the need to explicitly incorporate natural disturbances in decision 
making is widely recognized, less emphasis has been focused on managing humid 
tropical forests with implicit consideration to the ecological processes that periodically 
occur between disturbances. In fact, many view humid tropical forests as relatively 
seasonless environments. The central premise of this paper is that timing management 
activities to periodic ecological and biogeochemical processes that occur between 
disturbances is an additional prerequisite to minimize the effects of management on 
aquatic and terrestrial communities. 
2. Methods
2.1. Ecological rhythms
Ecological rhythms are broadly defined here as biological or environmental processes 
that repeatedly occur at definable intervals. These rhythms have definable periodicities 
and can operate at the level of individuals, populations, or communities (Odum, 1971). 
They are commonly related to climate (i.e. phenological patterns), daily processes (i.e. 
diel or circadian cycles), life histories (i.e. reproduction, feeding behavior, etc.) or 
physical and biogeochemical processes (i.e. tidal cycles). While rhythms can occur over a 
wide range of spatial and temporal scales, the emphasis in this paper is towards adapting 
management strategies to ecological or biogeochemical rhythms that occur on daily or 
seasonal time scales. 
2.2. Study area
The Luquillo Mountains are the dominant physiographic feature of Northeastern Puerto 
Rico and rise abruptly from a narrow coastal plain to an elevation of 1000 m over a 
distance of 10–20 km. The upper elevations of the mountains are managed by the USDA 
Forest Service Caribbean National Forest (CNF). The surrounding lowlands support a 
mix of urban to suburban land use. The CNF is a major source of recreation, municipal 
water, and a site of much research on tropical forest ecology. It is also a regional center 
of biodiversity and contains old growth forests that have been under some form of 
protection since Columbus landed on the island over 500 years ago. 
The Luquillo Mountains are within the path of the easterly trade winds and has a 
subtropical maritime climate characterized by high frequency, locally derived orographic 
precipitation and large-scale synoptic disturbances. Rain and runoff occur in every month 
(Fig. 1). Although average monthly rainfall does not show strong seasonal patterns, a 
drier period typically occurs between late January and April, and a wetter season from 
September to December. Seasonal patterns are present in the occurrence of annual peak 
discharges and annual low flow. There are also recognized seasonal variations in 
ecological processes (Fig. 1). In general, the drier periods of the year coincide with 
increased leaf fall and reproduction in many terrestrial animals and plants ( Odum and 
Pigeon, 1970). The aquatic community tends to have increased reproduction and 
downstream migration during the wetter part of the year and increased upstream 
migration during the drier part of the year ( Covich and McDowell, 1996 and Johnson). 
There are also seasonal differences in the amount of recreation ( Fig. 2). Peak visitation 
of both forest and surrounding beaches occurs during summer months. Mostly, island 
residents visit the area during the hot summer months. The peak season for cruise ships, 
resort hotels, and other off-island residents occurs between January and March. 
Fig. 1. Annual calendar of ecological processes for the Tabonuco type forest of the CNF, modified from 
Odum and Pigeon (1970). Including mean monthly rainfall (Scatena, unpublished) and the percent of 
annual peak daily discharges (Rivera, 1999) and percentage of annual minimum discharges (Scatena, 
unpublished) for streams draining the National Forest. 
Hurricanes are the dominant natural disturbances affecting the Luquillo Mountains 
(Scatena and Boose). Forest structure and composition, productivity, spatial and temporal 
distribution of plants and animals, nutrient cycles, stream water chemistry, the abundance 
of aquatic organisms, and many other ecosystem processes have been related to 
hurricanes (see examples in Lugo and Scatena (1995) and Walker et al. (1996)). Several 
hurricanes pass through the Caribbean region each year ( Scatena and Larsen, 1991). On 
average, a hurricane will pass close enough to the island to cause severe but localized 
damage approximately once every 10 years. Once in every 50–60 years, one will pass 
directly over the CNF and cause widespread defoliation and subsequent ecosystem 
reorganization. The implication of these large-scale disturbances on the design and 
management of natural reserves ( Wunderle and Wiley, 1996) and plantations ( Wang and 
Scatena, 2000) has been discussed elsewhere. Additional information on the ecology and 
management of the site can be found elsewhere ( Odum and Pigeon, 1970; Lugo and 
Lowe, 1995 and Reagan and Waide, 1996). 
Fig. 2. Recreational use of Puerto Rican beaches by month, average daily visits to a major visitor center in 
the CNF, and average monthly stream water flow in a principal river draining of the CNF. 
3. Results
3.1. Examples of ecological rhythms and resource management in the 
Caribbean National Forest
Coordinating management activities to seasonal or reproductive cycles has long been a 
basic precept of agriculture, husbandry and wildlife management. Recent examples of 
managing with ecological rhythms at the ecosystem level include: (1) timing reservoir 
operations to minimize impacts on the migration of aquatic organisms (Bistal and Ruff, 
1996); (2) timing fertilizer application to the growth phases of vegetation to minimize 
nutrient export ( Matson et al., 1998); and (3) scheduling insecticide application to the 
life cycles of pests ( Balogh and Walker, 1992). In the CNF, ecological rhythms have 
been used to enhance the management of endangered species, municipal water supplies, 
recreational demand, natural forests and plantations ( Table 1). 
Table 1. Examples of ecological rhythms used in natural resource management in the Luquillo Mountains 
of Puerto Rico
3.1.1. Endangered Puerto Rican parrot
Probably, the oldest example of adapting management activities to ecological rhymes 
concerns the endangered Puerto Rican parrot. When Columbus first arrived on the island, 
there may have been several hundred thousand to over a million Puerto Rican parrots 
(Snyder et al., 1987). By 1975, the islands wild population had dropped to 13 free flying 
birds that were all living in the CNF. Subsequent research-based management by the US 
Fish and Wildlife Service and the USDA Forest Service have increased the wild 
population to over 40 wild birds. During this recovery effort, several land management 
rules have been based on the parrot’s biological rhymes. 
During non-breeding season, the typical day for a adult parrots begins shortly after 
sunrise with series of short territorial flights in the vicinity of their roosts (Snyder et al., 
1987). After spending the day feeding and resting, they return to their roost at dusk, about 
1900 h. During periods of nest selection and breeding, this behavior varies slightly. Nest 
selection usually occurs between mid-December and mid-March. Egg laying is highly 
synchronized among pairs with all clutches being produced during late February or early 
March. This egg laying coincides with the peak fruiting of Sierra Palm tree, the dominant 
food source of the bird. Chicks usually fledge between 8 and 11 weeks. During this 
period, the female guards the eggs and does not leave the roosting site during daily 
forging. 
The wild parrot’s sensitivity to human presence and human-generated noise during nest 
selection and breeding is considered extremely high (Caribbean National Forest, 1997). 
Nevertheless, water intakes, electrical power lines, and roads occur within hearing 
distance of nesting areas and often require maintenance related construction activities. To 
mitigate the impacts of these activities, construction within hearing distance of the 
breeding areas has been regulated to coincide with non-breeding periods. Moreover, the 
land management plan requires that human activities in sensitive areas be timed to occur 
outside the nest selection and the breeding season (15 December–15 July). During the 
rest of the year, all activities in sensitive areas are planned to occur while the parrots are 
forging for food away from their roosts. That is, between 0730 and 1900 h. 
3.1.2. Water supply management
The CNF supplies municipal water to all of Northeastern Puerto Rico and approximately 
20% of the islands population. Nearly, all this water is withdrawan from low head dams 
that exist within or near the forest boundary. These streams also support fishing, 
swimming, scenic recreation, eels, fish, snails, 11 species of crustaceans, and more than 
60 aquatic insects (Covich and McDowell, 1996). In an effort to maintain the multiple 
uses of the forest, these water extractions are permitted and regulated. Historically, water 
extraction was only limited by the size of the permitted intakes and instream flow 
requirements were not explicitly required ( Scatena and Johnson, 2001). More recently, 
the increased pressures for the mountains water resources has also increased the need and 
scrutiny of water management activities. In response, the CNF has mandated the need to 
maintain some level of instream flow ( Caribbean National Forest, 1997). Knowledge of 
the ecological rhythms, specifically the diurnal feeding and migratory behavior of the 
dominant aquatic organisms, has been invaluable in developing these management 
protocols ( March; Benstead and Johnson). 
Observation of the density of individuals in specific habitats and flow conditions are 
often used to develop predictive models of the impacts of water diversions on habitat 
abundance (Johnson and Covich, 1999). Due to their abundance and ecological 
importance, freshwater shrimp have been the target organisms of instream flow models 
used in the Luquillo Mountains ( Sutton and Scatena and Johnson, 2001). Nevertheless, 
understanding the diurnal behavior of these shrimp is a prerequisite to successfully use 
their behavior to model instream flows. In general, these shrimp are active at night and 
hide within the substrates during daylight, apparently to avoid predation ( Fig. 3). 
Moreover, some species are never observed during the day. Those that are observed are 
typically found in intermediate water depths and relatively high velocities. In contrast, 
many more individuals are observed at night during which time they tend to use lower 
velocity microhabitats and a greater range of channel conditions. 
Fig. 3. Abundance of freshwater Atya sp. shrimp and water velocity for daytime and night-time in a 
headwater stream in the CNF. After Johnson and Covich (1999). 
Not considering the diurnal behavior of these shrimp in habitat assessments will 
dramatically underestimate the abundance and species richness of these aquatic 
communities (Johnson and Covich, 1999). In addition, habitat relationships based on 
daytime behavior alone will overestimate the preferred velocities and stream discharges 
that the majority of the shrimp use. However, when their diurnal behavior is considered, 
it can be possible in some reaches to increase extraction during daylight when most 
individuals are hiding and decrease extraction during critical night-time period thereby 
maintaining viable populations with minimal losses in the total amount of water extracted 
( Table 1). 
Most of the aquatic organisms in the Luquillo Mountains spend the majority of their life 
in freshwater but temporarily reside in coastal areas during their larval stages. Therefore, 
the ability to migrate both upstream and downstream throughout the watersheds is 
essential to these organisms. Because both the larva and juveniles are important food 
sources for coastal and riverine fish, their migration is also important to the ecology of 
the entire aquatic system. Unfortunately, the construction of dams and the extraction of 
stream water can not only affect resident populations as discussed above, they can also 
affect both the upstream and downstream migration of aquatic organisms (Holmquist et 
al., 1998). Fortunately, larval release of these aquatic organisms follows a well-defined 
diurnal and seasonal patterns that can be used to reduce the impacts of water extraction 
on their upstream and downstream migration. 
Typically, larval release occurs in the headwater areas in the early evening such that peak 
drift densities at lowland water intakes occurs around midnight (Fig. 4). Upon reaching 
the estuary and coastal areas, these larva remain planktonic for 10–14 weeks. They then 
metamorphose into benthic-dwelling juveniles and begin their upstream migration 
(Benstead et al., 2000). In addition to diurnal patterns in larval release, monitoring of 
shrimp populations in headwater streams indicates that larval release is also related to 
season and the occurrence of floods ( Johnson et al., 1998). Moreover, there are a greater 
number of gravid shrimp during the wetter months of the year and fewer gravid 
individuals during the drier months and immediately after storms. Upstream migration is 
also more common during the drier months of the year ( Fig. 1). 
Fig. 4. (A) Relative drift density of larval shrimp at a water intake at the base of the Luquillo Mountains in 
Northeastern Puerto Rico. (B) Model estimates of mean larval entrainment and hours per day of water 
extraction at a extraction rate up to 56% of mean daily discharge. After Benstead et al. (1999). 
Not considering the diurnal or seasonal variations in larval release in the operations of 
water intakes can result in large amounts of larva being entrained and killed in water 
intakes (Benstead et al., 1999). Field measurements demonstrate that on some days 100% 
of the larvae is entrained into water intakes. Simulations indicate the mean daily larval 
entrainment mortality can be over 60% when extraction occurs on a 24 h–365 day per 
year extraction schedule (Fig. 4). However, if water extraction is halted during daily 
periods of peak drift, long-term entrainment mortality can be reduced to less than 20% 
with less than a 10% loss in that amount of water that is extracted. Likewise, if water 
withdrawals are regulated to both daily and seasonal patterns of larval release, greater 
reduction in entrainment mortality and the loss in available water are possible.
Restricting water withdrawals during periods of peak drift is currently being adopted in 
several Puerto Rican streams and is proving to be an efficient way to maintain the 
ecological integrity of these aquatic communities. Moreover, since pumps and water
treatment plant filters need daily maintenance during which water withdrawal is reduced, 
timing these maintenance activities to the diurnal behavior of these organisms can be a 
very efficient way to reduce impacts on the aquatic community without greatly affecting 
municipal water supplies. Nevertheless, this technique is not without problems. First, 
because of differences in travel time between headwater streams and water intakes, the 
average timing of peak larval drift will vary within and between watersheds and must be 
evaluated for each intake. Secondly, although water withdrawals are usually limited for 
several hours per day to perform routine plant maintenance, senior plant mangers usually 
preform this maintenance during daylight working hours. Changing their work schedule 
to time these maintenance activities to the night-time migration can increase the cost of 
labor and supervision. 
3.1.3. Sewage treatment
Nearly 60% of all water delivered to municipal users in Puerto Rico eventually passes 
through sewage treatment plants and is discharged as sewage effluent (Dopazo and 
Molina-Rivera, 1995). The management of this nutrient rich effluent can be a costly and 
complex endeavor. In Puerto Rico, the standard practice has been secondary treatment of 
raw sewage and the subsequent release of the effluents into lower elevation reaches of 
streams that are at, or near, a highly stratified estuary. In undisturbed conditions the water 
leaving the highlands has relatively low nutrient concentrations ( McDowell and Asbury, 
1994). In contrast, the practice of releasing N- and P-rich sewage effluent waters into 
lower elevation streams can result in eutrophic water bodies ( Kent, 1996 and Kent). This 
can be extremely severe in water bodies that also receive non-point urban runoff and are 
unnaturally low because of upstream water diversions. Fortunately, diurnal and seasonal 
variations in the biogeochemistry of these streams provide opportunities to reduce the 
impacts of these nutrient releases. 
In many of the lower elevation streams in Puerto Rico, dissolved oxygen concentrations 
follow a well-defined diurnal pattern (Fig. 5; Ortiz-Zaya, 1998). The highest oxygen 
levels are found during the day when the submerged aquatic plants are producing oxygen 
during photosynthesis. The lowest dissolved oxygen values are found at night when 
oxygen is being consumed during the decomposition of organic matter. In addition to this 
diurnal dissolved oxygen cycle, there exist a seasonal pattern in the dissolved oxygen 
profiles and the abundance of submerged aquatic vegetation (personal observation). In 
general, the lowest dissolved oxygen values are found during the low flow periods of the 
late summer months when the lower elevation water bodies are covered with submerged 
aquatic vegetation ( Fig. 1). Higher dissolved oxygen values are found during wetter 
months of the year after large storms have remove the submerge aquatics from the 
channels and water temperatures are at their seasonal lows. 
Knowledge of these annual and diurnal dissolved oxygen cycles provides opportunities to 
minimize the impacts of effluent releases. Moreover, reducing effluent discharges during 
low oxygen night-time periods and increasing releases during the early part of the day 
when the assimilation capacity of the receiving water bodies are at their highest can 
potentially reduce some eutrophication. In contrast, only sampling dissolved oxygen 
concentrations during daylight hours will result in unrealistically high estimates of the 
assimilation capacity of these water bodies. Likewise, releasing effluent 24 h per day on 
the basis of daytime measurements of assimilation capacity will also result in unexpected 
eutrophication. 
Fig. 5. Diurnal temperature and dissolved oxygen concentrations by time of day for the lower Rio 
Mameyes, Puerto Rico (Scatena, unpublished). 
Like all management activities, timing effluent releases to diurnal oxygen cycles is not 
without problems. As effluent is continually being generated, variable releases with a 
constant supply create the need to temporarily store sewage or have alternate disposal 
sites. In many areas in Northeastern Puerto Rico, the effluent can be used for the 
irrigation of golf courses (Rio Mar Golf Course, pers. commun.). In other areas, wetland 
release, or the irrigation of degraded lands are possible. 
4. Discussion
4.1. Potential management applications of other ecological rhythms
As the above examples illustrate timing management activities with ecological rhythms 
can be an efficient way to reduce adverse impacts of some land management activities. In 
addition to those described above, many other examples and possibilities exist. These 
include timing management activities to temporal patterns in recreational use (Fig. 2), 
plant phenology, growth cycles of native and non-native species, lunar cycles, El Niño 
events, and decadal scale climatic variability (Table 2). Links between climate and 
populations of insect related tropical diseases have also been established elsewhere and 
can be used to predict epidemics several months in advance (Epstein, 1999 and 
Linthicum). Likewise, relationships between temperature, rainfall, river flow, tidal cycles, 
and the abundance of fish and shrimp populations have also been identified and can be 
used to manage fishing pressure ( Goulding, 1984 and Teicher-Coddington, 1999). 
Table 2. Examples of ecological rhythms and life history traits that can potentially be used for in tropical 
forest management
4.2. Constraints to managing with ecological rhythms
While timing management activities to the ecological rhythms that occur between 
disturbances has definable benefits, this type of dynamic management is not without 
costs or tradeoffs. For example, in an effort to reduce potentially disturbing noise during 
the parrot breeding season, construction activities in the CNF must be done under an 
accelerated pace during the rainier periods of the year. As a consequence, soil erosion and 
or construction costs may increase. Likewise, the cost of lost water withdrawals or 
sewage releases caused by night-time reduction in operations can be offset by scheduling 
daily pump and filter maintenance during the ecologically sensitive night-time periods. 
However, this often requires that senior plant managers work in evening rather than daily 
periods and therefore can increase administrative costs. Additional water storage facilities 
and complex distribution systems that can be managed on a dynamic basis may also be 
needed. 
One of the largest problems associated with mandating dynamic management systems 
based on ecological rhythms concerns compliance monitoring. Similar problems have 
been associated with effluent taxes and tradable effluent permits (Brookshire and Neill, 
1992). Moreover, regulatory agencies have been hesitant to approve complex operation 
schedules that follow ecological rhythms or market-based effluent trading schemes 
because they are difficult to monitor and regulate. Fortunately, recent advantages in 
automatic environmental data acquisition systems can greatly increase the ability to 
conduct complex real-time, spatially explicit monitoring ( Scatena, 2000). Moreover, 
inexpensive automatic water level recorders, telemetering systems, and water quality 
sensors now allow continual, real-time monitoring of both management operations and 
important ecological processes. Although the technology exist, identifying relationships 
between ecological processes and environmental conditions and then developing 
monitoring systems and operation schemes that integrate these processes into 
management is a major chalenge in both tropical and temperate environments. 
Regardless of the monitoring technology used, the success of ecologically based 
management schemes requires specific knowledge of the response of ecosystems and 
organisms to environmental conditions. A generic problem encountered when initiating 
this type of management is the lack of ecosystem-specific information on the spatial and 
temporal variability of ecological and pollution generating processes (Graham et al., 
1991). This need for site-specific knowledge can be expected to increase as tropical 
forests are increasingly used for multiple purposes, like water supplies ( Postel, 1998), 
carbon and nutrient sequestration ( DeLucia et al., 1999) and wastewater recycling 
( Sopper and Kardos, 1973). 
The success of processes-based dynamic management also requires institutional memory 
and an administrative commitment to long-term environmental monitoring, data analysis 
and synthesis. A major challenge for watershed management in the 21st century will be 
the development of spatially explicit analytical methods and institutional structures that 
rapidly synthesize information about environmental conditions so managers can make 
informed, defensible decisions in a timely fashion (Scatena, 2000). This will be 
especially true in a changing global environment where community structure and 
ecological rhythms are also changing ( Wuethrich, 2000). 
4.3. Research needs and opportunities
Public and private tropical forests will continue to be managed for multiple uses 
including water supplies, timber products, recreation, mining, fisheries, grazing, and the 
conservation of biodiversity. How these forests will be managed in this increasingly 
competitive, multi-use environment will be affected by local environmental change, 
technological change, social and administrative considerations? Nevertheless, conducting 
mechanistic studies to identify and understand stand scale ecological rhythms in humid 
tropical forests will be essential to develop ecosystem-based management strategies and 
operating procedures. 
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